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Abstract 
 

This report provides an overview of the development of a vision-based leader/follower robotic 
vehicle at Defence R&D Canada – Suffield, with the eventual goal of autonomous convoying for 
military logitics. The experimental system uses a pan/tilt/zoom camera to track a lead vehicle or 
human, estimating the leader’s path and following it autonomously. This vision-based approach 
frees the system from reliance on GPS, radios, and active sensing equipment necessary for current 
leader/follower systems. Included in this report are the details of the computer vision, camera 
control, and vehicle control algorithms, as well as the results of field trials of the camera tracking 
system. Finally, it reports on experiments with the complete follower system following other 
vehicles and even dismounted humans. 

Résumé 
 

Ce rapport est une vue d’ensemble de la mise au point, à R&D pour la défense Canada – Suffield, 
d’un véhicule robotisé muni d’un système prédécesseur / suiveur à vision artificielle. Le but est 
d’aboutir éventuellement à des systèmes d’escorte autonome en matière de logistique militaire. 
Ce système expérimental utilise une caméra dotée de fonctions de pivotement horizontal et 
d’inclinaison verticale ainsi que d’un zoom pour retracer le trajet d’un véhicule ou d’un humain 
prédécesseur et d’estimer ce trajet pour être en mesure de suivre le prédécesseur de manière 
autonome. Cette méthode basée sur la vision artificielle libère le système qui ne dépend plus d’un 
GPS, de communication radio ni des systèmes de télédétection actifs qui sont nécessaires aux 
systèmes actuels prédécesseur / suiveur.  Les détails des algorithmes de vision artificielle, de 
commande de la caméra et de commande des véhicules sont inclus dans ce rapport ainsi que les 
résultats des expériences sur le terrain du système de suivi à l’aide de caméras. On y documente 
enfin les expériences sur le système complet de suivi d’autres véhicules et même d’humains se 
déplaçant à pied. 
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Executive summary

Development of a Vision-Based Robotic Follower Vehicle

J. Giesbrecht; DRDC Suffield TR 2009-026; Defence R&D Canada – Suffield; February
2009.

Background: In modern military conflicts, support vehicles and their drivers have be-
come much more vulnerable than in the past to roadside bombs and Improvised Explosive
Devices (IEDs). If convoys could be composed at least partly of unmanned vehicles, fewer
soldiers would need to be put at risk. Current robotic leader/follower vehicles rely on GPS,
radio communications, and active sensing to relay positional information from a leader to
a follower vehicle. In addition to being easily detected by a savvy enemy, these systems are
also vulnerable to our own electronic countermeasures against IED attacks. Therefore, a
leader/follower system inspired by human driving is being developed which relies on com-
puter vision and a pan/tilt/zoom camera to track and estimate the path taken by a lead
vehicle or human. This approach requires no special equipment on the leader vehicle, no
reliance on GPS, and only minimal sensing and computing on the follower vehicle.

Principal Results: This work developed a number of significant sub-components to enable
robotic vision-based leader/follower:

• A set of computer vision algorithms capable of being trained at run-time to not only
track an arbitrary leader vehicle, but also to estimate its position in the world.

• A set of pan/tilt/zoom control algorithms which can maintain the camera’s attention
on the leader vehicle despite the motion of both the leader and follower vehicles.

• A vehicle control algorithm to allow the robot to drive the leader’s estimated path.

Technical details of each of the above are given. In addition, the result of one field demon-
stration following a lead vehicle at speeds of up to 10km/h, over a distance of 7km are shown.
Further tests with the robotic vehicle following a dismounted human are also presented.

Significance of Results: This project accomplished one of the first demonstrations of
vision-based vehicle following anywhere in the world. It is especially significant that an
arbitrary leader can be chosen at run-time, and was successfully shown to follow commercial
trucks, other robotic vehicles and even humans. The research shows great promise and
potential long term pay-off in protecting Canadian soldiers in the battlefields of the future.

Future Plans: In order to become practically effective, the leader follower system needs
to be improved. Firstly, the reliability of the computer vision system will be increased by
the addition of more sensing modalities, such as extra cameras, a wider variety of computer
vision algorithms, and infrared capabilities. Adaptive data filtering and vehicle control
schemes will increase the driving speed of the following system. As a long term goal, the
leader/follower system will be implemented on a military logistic vehicle to demonstrate its
usefullness.
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Sommaire

Development of a Vision-Based Robotic Follower Vehicle

J. Giesbrecht ; DRDC Suffield TR 2009-026 ; R & D pour la défense Canada – Suffield ;
février 2009.

Contexte : Les véhicules logistiques et leurs chauffeurs sont beaucoup plus vulnérables
aux bombes et aux dispositifs explosifs de circonstance (IED) durant les conflits militaires
modernes que par le passé. Moins de soldats seraient en danger si les convois pouvaient
se composer au moins en partie de véhicules sans équipage. Les véhicules robotisés actuels
qu’ils soient le prédécesseur ou le suiveur dépendent des GPS, des communications radio et
des systèmes de télédétection actifs pour relayer l’information d’un véhicule prédécesseur à
un véhicule suiveur. Non seulement, ces systèmes peuvent-ils être facilement détectés par un
ennemi dangereux mais ils peuvent succomber à nos propres contremesures électroniques des
attaques IED. Un système de véhicule prédécesseur/ suiveur, inspiré de la conduite humaine,
est en voie de mise au point et consiste à obtenir la vision artificielle d’une caméra dotée
de fonctions de pivotement horizontal et d’inclinaison verticale ainsi que d’un zoom pour
retracer et estimer le trajet d’un véhicule ou d’un humain prédécesseur. Cette méthode
ne requiert pas d’équipement spécial sur le prédécesseur, ne dépend pas d’un GPS mais
seulement d’un système minimum computationnel et de télédétection actif sur le véhicule
suiveur.

Résultats principaux : Ces travaux ont abouti à la mise au point d’un certain nombre
de sous-éléments importants mettant en service les véhicules prédécesseur / suiveur fonc-
tionnant sur le principe d’une vision artificielle dont :
– un ensemble d’algorithmes de vision artificielle capable d’être exercée au moment de

l’exécution pour non seulement retracer un véhicule prédécesseur arbitraire mais aussi
pour estimer sa position géographique ;

– un ensemble d’algorithmes de commande des fonctions de pivotement horizontal et d’in-
clinaison verticale ainsi que de zoom en mesure de maintenir l’attention de la caméra sur
le véhicule prédécesseur bien que les deux véhicules (prédécesseur et suiveur) soient en
motion et

– un algorithme de contrôle de véhicule permettant à un robot de prendre le chemin estimé
du véhicule prédécesseur.

Les détails techniques de chacun des sous-éléments décrits ci-dessus y sont inclus. De plus,
on y produit les résultats d’une démonstration sur le terrain d’un véhicule prédécesseur à
des vitesses allant jusqu’à 10 km/h sur une distance de 7 km. On y présente aussi les essais
ultérieurs sur les véhicules robotisés qui font le suivi d’un humain se déplaçant à pied.

Portée des résultats : Ce projet a accompli l’une des premières démonstrations de suivi
effectuées par un véhicule à vision artificielle et capable d’accomplir ce suivi dans le monde
entier. Il est particulièrement important qu’on puisse choisir un véhicule prédécesseur ar-
bitrairement au moment de l’exécution et on a réussi à démontrer la capacité à suivre des
camions utilitaires, d’autres véhicules robotisés et même des humains. La recherche indique
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qu’il existe un potentiel de rentabilité à long terme très prometteur dans le domaine de la
protection des soldats canadiens sur les champs de bataille du futur.

Perspectives d’avenir : Il faut améliorer le système prédécesseur / suiveur pour qu’il soit
efficient au niveau pratique. Il faut d’abord augmenter la fiabilité de la vision artificielle en
ajoutant des modalités de détection telles que des caméras supplémentaires, une plus grande
variété d’algorithmes de vision artificielle et des capacités infrarouge. Des schémas adaptifs
de filtrage de données et de commande de véhicules prédécesseur / suiveur augmenteront
la vitesse du système suiveur. Un but à long terme est de démontrer l’utilité de ce système
en l’implémentant sur des véhicules de logistique militaire. .
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1 Introduction

Robotic vehicles have the potential to save lives. In the current asymmetric military en-
vironment in which battlefields are no longer characterized by fronts, but rather guerrilla
style warfare, logistics vehicles and their drivers have become much more vulnerable than
in the past. Roadside bombs and Improvised Explosive Devices (IEDs) have become a
favorite weapon of insurgents. If logistics vehicles were able to follow their leader vehicles
autonomously, the drivers could focus on situational awareness and defence, or perhaps be
removed from the vehicle entirely to ride in a safer, more hardened vehicle.

Similarly, the dismounted soldier in any armed conflict can never carry as much equipment
and supplies as required. A personal mule follower robot could provide the carrying capacity
for critical supplies that could make the difference in a combat situation, providing that
extra box of ammunition or that extra ration.

To create autonomous systems like these, current robotic convoying and leader/follower
mules rely on the transmission of waypoint coordinates between the leader and follower,
requiring computer, radio and GPS equipment on both the leader and follower units [1, 2, 3].
If the robot were able to follow its leader using only a camera it would reduce the cost and
complexity of such systems, and allow the follower robot to naturally follow any specified
object, be it vehicle or human.

1.1 Pan/Tilt/Zoom Tracking for UGVs

This work was undertaken within the DRDC Intelligent Logistics Advanced Research Project
(ARP). The goal is to develop a vision based robotic leader/follower system, with the even-
tual goal of autonomous convoying of large logistics vehicles. Two main subcomponents are
required to make this possible:

1. A pan/tilt/zoom camera system capable of recognizing the leader and continually
estimating the leader’s position despite motion of the follower vehicle.

2. A follower control algorithm and a robotic vehicle capable of driving the leader’s path
autonomously.

The robotic leader/follower application creates a number of challenging requirements for a
visual tracking system. Firstly, it is highly desirable that the system has the ability to be
trained on a leader target at run-time, so that any vehicle can be used as a leader. Secondly,
varying vehicle speeds and convoy configurations require that the system function over a
wide range of distances. Thirdly, the motion of both the follower and leader vehicles over
rough terrain requires fast dynamic response of the camera pan/tilt control. Finally, the
vision system must be robust enough to always maintain the leader in the field of view, or
the follower robot will become lost.

DRDC Suffield TR 2009-026 1



1.2 Vision-Based Following

This work has been inspired by the way a human driver would follow a lead vehicle. Using
the leader’s colour and textural features, a human continually locates the leader in his/her
field of view. Using the size and relationship of the target’s features, the human estimates
the distance to the leader, remembering the path that it took. Finally, using the neck and
eyes, the human can follow the leader’s current trajectory while driving the path that the
leader took some time before, following at an arbitrary distance behind. This approach is
shown graphically in Figure 1.

follower’s gaze on the leader
1) A pan/tilt/zoom camera maintains the

2) The follower continuously estimates the 
leader’s path

3) The follower drives the path taken by 
the leader at a specified distance or time
behind

Figure 1: The vision-based approach to robotic following.

In order to accomplish the leader/follower task, the use of a visual tracking system confers
a number of distinct advantages over other technologies, such as laser range finders, GPS,
sonar, radar, etc.:

• No hardware or software is required on the leader.

• The hardware on the follower vehicle is relatively inexpensive.

• In a military context, no active sensing or radio communications are required which
could alert the enemy to the convoy’s presence.

• It makes it easier to choose a leader at run-time rather than having it pre-programmed.

However, there are a number of challenges imposed by choosing a vision-based approach:

• Obscurations such as mud, dust and intervening obstacles can cause the follower to
completely lose the leader (Figure 2).

• Vibrations from vehicle motion can blur video images, resulting in erroneous data.
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• Computational delay in visual systems can make controlling a camera to follow a
moving target difficult.

(a) Original Image (b) Poor Lighting (c) Dust (d) Turning

Figure 2: Some of the difficulties for an autonomous convoying vision system.

1.3 Hardware
1.3.1 Vehicle

The test platform for the pan/tilt/zoom tracking system is the Multi-Agent Tactical Sentry
(MATS) vehicle [4], shown in Figure 3. It was developed at Defence R&D Canada – Suffield,
and is currently in use with the Canadian Forces (CF). It is a tele-operated UGV, meaning
that a user controls it from a remote control station using a joystick, video feed, and a map
display of the vehicle’s position.

Figure 3: The Multi-Agent Tactical Sentry (MATS) robotic vehicle.

This vehicle is being used in this project as a test platform, but it could potentially function
as a soldier mule robot. It is also intended that the tracking system will later be transferred
to a small personal robot, as well as a large logistics truck for autonomous convoying.
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1.3.2 Camera

The camera system used is the DI-5000 Camera from ICX Technologies [5], shown in Figure
4. It has a 25 times zoom lens (2.4 to 60mm), resulting in a horizontal field of view of 45
degrees to 2 degrees. The video is output in NTSC format, resulting in an image resolution
of 640 x 480 pixels. It also includes an infrared camera, which may be useful for future
work in this area.

Figure 4: The DI-5000 pan/tilt/zoom camera.

The tracking system is by no means intended to be specific to the camera used for these
tests. It is hoped that the robustness of the control system will enable it to be used on any
pan/tilt/zoom camera, with the adjustment of a few parameters.

1.3.3 Software and Computing

The follower vehicle architecture is shown in Figure 5. The general process is as follows:

1. Image processing algorithms locate the leader in the image stream, estimating its
range and bearing in world coordinates.

2. The camera control algorithm sends RS-232 commands to adjust the pan/tilt/zoom
of the camera to maintain the leader in its field of view.

3. A vehicle control algorithm smoothes the vision range and bearing, generating vehicle
speed and steering commands to follow the leader’s path. 1

4. The desired speed and velocity commands are sent via RS-232 to the MATS vehicle.
The vehicle’s Ancaeus control system2 uses the vehicle actuators to execute the desired
commands.

1This algorithm was developed by researchers at the University of Toronto and tested at Defence R&D
Canada – Suffield.

2The Ancaeus architecture was developed at Defence R&D Canada – Suffield, and has been used to
tele-operate a wide variety of robotic vehicles.
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Figure 5: The leader/follower control architecture.

The complete camera tracking system was reported as a Master’s Thesis published through
the University of Calgary [6], to which readers are referred for a more complete description.

Processing power for the vision, estimation and control software is provided by a Dual Xeon
3.6GHz computer, running Fedora Core 3 Linux. Video from the camera is captured by
an Osprey 440 frame grabber at 30Hz, and digitized at 640x480 resolution. A number of
software libraries were used to speed up the development process:

• Trolltech Qt [7] - A library for developing Graphical User Interfaces and multi-
threaded programs.

• Intel OpenCV [8] - A computer vision library for a wide variety of tasks, such as
displaying and converting images, etc.

• Evolution Robotics ViPR [9] - An image recognition library based upon the SIFT
algorithm.

1.4 Objectives and Contributions

The primary goal of this research is to follow a leader vehicle or human using only vi-
sual information. In, particular, in developing the camera tracking system, three scientific
contributions were produced:

1. A vision-based vehicle tracking camera system which is trainable at run-time.

2. A novel zoom control algorithm suitable for the pan/tilt/zoom tracking problem.
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3. A demonstration of a complete pan/tilt/zoom tracking system, enabling leader path
estimation from a moving follower vehicle.

4. A path tracker which follows the lead vehicle at a set following time, rather than a set
following distance. This allows the follower to slow down for corners and obstacles as
the leader does.

The remainder of this document is organized as follows: Section 2 provides a literature re-
view of previous leader/follower systems and camera tracking algorithms. Section 3 outlines
the computer vision algorithms employed in this work, including colour tracking and object
recognition. Section 4 details the control scheme for the pan, tilt and zoom of the cam-
era tracking system, while Section 6 provides results of actual leader/follower experiments
conducted on the DRDC Suffield Experimental Proving Ground. Finally, conclusions and
future work can be found in Sections 7 and 8.
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2 Background

This section is a literature review of the many sub-components of this project: leader/follower
control, computer vision, and camera control. Because the work is a combination of many
fields of study which are themselves each quite involved, the review is quite broad. For
coherence, it has been broken down into the following sections: Section 2.1 covers current
systems for autonomous convoying and robotic leader/follower with special attention paid
to the sensing methods employed; Section 2.2 reviews methods of recognizing and tracking
objects using computer vision; finally, Section 2.3 reviews current pan/tilt/zoom tracking
systems, and the control algorithms employed.

2.1 Robotic Leader/Follower

Military convoying is one potentially useful application of autonomous robotics, reducing the
human involvement in transporting goods such as ammunition and water across potentially
dangerous terrain. The ability of an autonomous vehicle to follow a leader is key to this
task. The role of a leader/follower vehicle in military applications is discussed at length
by the United States National Research council, in their book Technology Development for
Unmanned Ground Vehicles [10]. In it, they describe three basic roles:

Missions appropriate for follower UGV capabilities include (1) serving as a soldier’s

“mule” to carry weapons, ammunition, and other items cross-country behind dismounted

soldiers; (2) operating as a logistics resupply vehicles to follow a leader vehicle in road-

traversing convoy mode; and (3) accomplishing logistics resupply cross-country (includ-

ing poor roads and paths) following a leader vehicle by an interval of minutes to hours.

In the past, a number of robotic follower systems have been designed within both military
and non-military contexts to fulfill these roles. Within these roles, we can define two basic
types of leader/follower systems [11]: (1) a perceptive follower which uses a sensing system
to follow its leader, often in a relative coordinate system; and (2) a delayed follower which
receives a path, usually in global coordinates, to follow the leader at some arbitrary time
later.

We can also define direct and exact following (Figure 6). In direct following (Figure 6(a)),
the robot pursues the current target position, without accumulating or matching the leader’s
path. This will cause the follower to cut corners, and may be unsuitable for environments
cluttered with obstacles. In contrast, an exact follower (Figure 6(b)) will accumulate and
attempt to match the leader’s trajectory. This is more appropriate for most environments,
but requires more complexity in the follower system. Perceptive followers can be either
direct [12, 13, 14] or exact [15, 16], while delayed followers are always exact [1, 11, 17]. The
goal of this project is to create a perceptive exact follower system, relatively rare in the
literature.
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(a) Direct Follower (b) Exact Follower

Figure 6: Direct vs. exact following.

2.1.1 Perceptive Following

Perceptive following is distinguished by immediate, sensor based following of the leader. A
wide variety of sensors have been employed to accomplish the perceptive following task,
each with their own advantages and disadvantages.

Laser range finders, such as the SICK or Velodyne scanners (Figure 7(a)), use the time of
flight of laser beams to measure distance to objects. They send out multiple beams of light
in a swath, and can provide a profile of the back of a leader vehicle. This method was used
in [15] for automobiles and in [11] for an armoured military vehicle. Although accurate,
lasers are expensive, range limited, power hungry, and vulnerable to dust, fog, etc.

Automotive back-up radar sensors, such as the Delphi Forewarn system [18] (Figure 7(b))
are much more robust to environmental conditions, but do not provide the fidelity of laser
sensing, and have limited range. However, newer automotive adaptive cruise control radars
operating in the 76 GHz, with a range of up to 200 meters were used for the United States
TARDEC Robotic Follower ATD and CAST programs [19]. It should be noted that active
sensors such as laser and radar have the potential down-side of alerting enemies to the
vehicle’s presence on the battlefield.

Stereo vision cameras, which are a passive sensing method, use the disparity between fea-
tures in a pair of physically separated cameras to produce range measurements, much like
the human eyes. One example is the commercially available Point Grey Bumblebee ([20],
Figure 7(c)). These cameras can provide accurate measurements of the leader’s position,
and even its pose, but have a limited range given a reasonable baseline between cam-
eras. Therefore they are normally used for leader/follower on smaller robots, such as by
Kubinger[21].

Monocular vision, another passive method, uses a single camera to estimate the range and
bearing to the leader vehicle. This has the advantages of being inexpensive and able to
work over long ranges with the use of a zoom lens. Smith used this to create a large
person-following robot for surveying in rough terrain [12]. Nguyen et. al. created a person
following robot for carrying military supplies using monocular vision [22]. Juberts et. al.
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used a square planar target for on-highway following [23]. Benhimane et. al. [24] used
monocular vision for a on-road car-following system without the use of special targets. The
RACCOON system was developed to follow another vehicles tail-lights at night [25]. It has
also been applied to numerous smaller robots [16, 26, 27, 28, 29, 30, 31, 32]. The author of
this report has also done a preliminary study on a small indoor robot [13]. Unfortunately,
the data retrieved using monocular vision is often noisy if travelling at high speeds or over
rough terrain, and can be prone to complete failure in finding the leader. This report will
show that these difficulties can be overcome.

One interesting alternative to remote sensing is a tethered cable between the leader and
follower vehicles. It measures the length of cable spooled out and the angle between the cable
and the bumper to determine the range and bearing to a leader vehicle. To the author’s
knowledge, this has only been reported on the “Autonomous Solutions, Inc.” website [33]
and not in any scientific report.

(a) Laser Scanners (b) Radar

(c) Stereo Vision (d) Monocular Vision

(e) GPS and Radio

Figure 7: Sensors used for autonomous leader/follower.

Using these different sensing modalities, perceptive leader/follower systems have been de-
veloped for robots which fly [34, 35], swim [36, 37, 31, 38, 14, 39], or roll across the ground.
Many of them have been developed to follow people using monocular vision, and fulfill the
personal mule role [22, 30, 40].
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More specific to this project, a number of ground robots have also used pan/tilt/zoom
cameras to accomplish the follower task. This can be accomplished using either pre-defined
markers on the leader [41, 42], or by using the appearance of the leader itself [24, 35, 43].

2.1.2 Delayed Following

The delayed follower task involves following a leader under non-line-of-sight conditions.
The leader accumulates a path as a set of waypoints in a global coordinate system, and
transmits it to the follower some arbitrary time later. This provides an exact trajectory
for the follower vehicle but requires a method to transmit the trajectory to the follower,
usually involving data radios. Furthermore, this requires GPS on both the leader and
follower vehicles, whereas the perceptive systems described above only require equipment
on the follower.

One such system, developed by the French company Thales Airborne Systems, was con-
cerned with both perceptive and delayed convoying [11], and was demonstrated on-road and
off-road using military vehicles. Some automotive highway systems can be found in [2, 3].
The author of this report has also done experiments at low speeds using this method [17].

The current gold standard are the convoying systems produced for the United States
TARDEC Robotic Follower and Convoy Active Safety Technologies (CAST) [1] projects.
The robotic convoy trucks, shown in Figure 8, use GPS waypoint following to achieve speeds
of at least 65 km/hr. They also include a number of other sensing modalities including vision
and radar.

Figure 8: The US TARDEC Convoy Active Safety Technologies (CAST) vehicles [1].

One intriguing notion is to combine the idea of a perceptive and delayed follower. The
TARDEC systems [1] uses laser scanners to pre-record a 3-D terrain map of leader’s route.
This map is then passed to the follower, which attempts to adjust its position to match
the 3-D features its own laser senses. Although this allows for GPS free operation, the
downside to this approach is the complexity of the equipment required on both the leader
and follower.

Another intriguing possibility is to pre-record a video of the path the leader has taken, and
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transmit it to a delayed follower vehicle [44]. This vehicle uses the sequence of images to
control its own steering and velocity to match the leader’s path. This was demonstrated
on-road on a small electric car.

The literature also contains a number of works examining the problem of controlling an
entire convoy of vehicles, using a variety of control methodologies [11, 45, 15, 32, 29, 46].

2.2 Monocular Visual Recognition and Tracking

This section investigates currently available technology for locating a target and estimating
its 3-D position in a stream of images from a single camera. There are 3 main challenges
to the monocular tracking process: (1) identify the correct target, (2) correctly locate its
position and orientation in the image, and (3) estimate its 3-D position or pose. There
exists a huge body of work in this field, which can be grouped into 3 basic approaches:

1. Fiducial Based - A special marker is placed on the target which uniquely identifies
it and provides information about its pose relative to the camera. This is the most
accurate method, but may fail if the target is even partially occluded.

2. Model Based - The tracker builds up a model of the 3-D structure of the object to be
tracked, and uses this to estimate its current pose. This method can handle partial
occlusions, but may be affected by camera calibration or model inaccuracies.

3. Appearance Based - The tracker uses the visual features of the object to follow it and
estimate its pose, using sensing modalities such as colour and texture. This method
is the most flexible, but the robustness and accuracy depend on the tracker’s ability
to detect and track distinctive image features, which may not always be possible.

Within these groups, trackers can be classified as either image independent (operates on
only one image) or recursive (requires a sequence of images and previous knowledge to
track).

A good summary of visual tracking techniques can be found in [47], which goes well beyond
the scope of this report.

2.2.1 Fiducial Based

One pragmatic approach to solving the monocular-vision tracking problem is to place a
special target marker, or fiducial, on the object. These distinctively shaped and coloured
markers make it easier not only to find the target with simple computer vision algorithms,
but also to obtain its position, or even its full pose (depending on the marker used). This
is done by comparing the known geometry of the fiducial with its perceived geometry.
Examples include the ARToolkit [48](Figure 9(a)), ARTag[49] (Figure 9(b)), concentric
rings (Figure 9(c),[50]) and the Space Vision Marker System [51](9(d)).

Fiducials have been used on a number of small robots for the robot following task [32, 42, 52,
35, 53, 26, 16]. In a more fully developed use of a fiducial target, the Toyota company used
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(a) ARToolkit (b) ARTag (c) Multi-Ring

(d) SVMS

Figure 9: Fiducials used for augmented reality and space flight applications.

infrared LED lights to communicate information and determine distance for on-highway
platooning [54]. For the robot following task, Smith [12] used the sequence of white dots
shown in Figure 10, on a coloured planar board to produce full pose information.

Figure 10: A sophisticated fiducial system and how it can be used to obtain pose information
(taken from [12]).

Unfortunately, for any system using fiducials, the recognition system must be tied closely
to the specific fiducial used, and cannot easily be adapted to another target. Also, the
recognition system will be susceptible to image noise and partial occlusion of the target.
For these reasons other tracking methods are pursued in this project.
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2.2.2 Model Based

When tracking, it is often beneficial to use knowledge of the 3-D structure of the target,
both to help recognize it, and also to estimate its pose. This model may be a CAD model,
a set of planar parts, or a more generic model such as a rectangle, etc.

Many model based approaches detect the edges of the object to track it [55, 56, 57, 58].
Other model based approaches use visual features such as corners to create a model, and
overlay them on a skeleton or mesh frame [59, 60] (Figure 11(a)).Some have applied model
based tracking to vehicles [61, 62, 63, 64] (Figure 11(b)). Unfortunately, the model based
methods are complex and seem to lack the robustness of other sensing means, and may
become confused by background clutter, even though they provide good pose information
about the target.

(a) Face Model (b) Vehicle Model

Figure 11: Two examples of model based tracking (taken from [61] and [59]).

2.2.3 Appearance Based

A more direct way of tracking an object is by recognizing it directly using its appearance,
such as its colour, texture, etc. This is generally more robust but may make it more difficult
to extract pose information. Furthermore, depending on the appearance features used, this
can be computationally intensive. We can generally separate the appearance-based methods
into those that use (1) colour, (2) image templates, or (3) small feature points on the object.

2.2.3.1 Colour

Identifying an object by colour is simple, intuitive, and robust to partial occlusion and scale
changes. For these reasons, a number of works have used colour for leader/follower robots
[26, 16, 36, 65]. Additionally, the Robocup tournament has driven countless implementa-
tions [66, 67, 68], and some of this software is available in open source, such as CMUVision
[69], or as commercial software, such as Cognachrome [70]. Other colour “blobfinding”
leader/follower robots can be found in [71, 72, 29, 73, 31, 22, 30, 40].

These algorithms can be computationally efficient. However, as with all colour based recog-
nition, they are fragile to changes in illumination. If an object of similar colour enters the
field of view, it may be mistaken for the desired target. These methods do not work well
on patterned, textured objects, where no colour dominates.
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Figure 12: An example of a spherical target and the resultant blob (taken from [66]).

To track multi-coloured objects, rather than using just one colour to track the target,
some implementations extract statistical information of the target, and then compare it
with those extracted from different sub-regions of subsequent images to detect a match
[40, 71, 74, 75, 76, 77, 78]. These methods are better than tracking a single colour, but
again will fail if the target is too close in colour to the background or another object in the
image.

Adaptive recognition using machine learning has also been used to try and make colour
recognition practical, such as the CAMSHIFT algorithm [79] and many others [22, 68, 80,
30, 73, 66, 76]. From preliminary experiments at DRDC, the downside to adaptive methods
is that over long term tracking, if the parameters are not tuned correctly, the system may
learn away from the intended target on to a different target. Furthermore, trackers like
these which work recursively on a sequence of images may be prone to catastrophic failure
if the target becomes obscured.

2.2.3.2 Templates and Correspondence

Recognizing a generic object directly using some sort of trained template of its appearance is
a more flexible way to accomplish target recognition. These methods use pattern recognition
techniques, rather than being based on colour, and can be trained to recognize a variety of
objects. However, with flexibility comes a marked increase in computation time. This has
been an active area of research for many years [81, 82, 83]. Benhimane et. al. achieved
vehicle platooning with an electric car by minimizing the sum of squared difference between
an image template of the leader and the current image[24]. Templates are good because
they are simple, but not robust to occlusions. Robustness to lighting and scale changes
requires a number of pre-trained templates.

2.2.3.3 Feature Points

Most objects contain small features, or interest points, which can be used to track them. If
you record the relationships of a number of these features to each other, you can use them
to recognize an object and determine its pose. These methods are easier to make robust to
illumination changes and partial occlusion, but tend to be more computationally complex.
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Examples include the Harris detector [84], Lucas-Kanade Tracker [85], and the Scale Invari-
ant Feature Transform (SIFT) [86]. The SIFT algorithm in particular is extremely robust
to lighting variations, partial occlusion, scale and orientation. Numerous papers have indi-
cated its superiority to other features [87, 88, 89]. Also, it has been shown to be effective
for robotic object tracking [90, 91, 13]. An image and the extracted SIFT keypoints are
shown in Figure 13. Drawbacks include long computation time and a requirement for high
resolution, blur-free images.

Figure 13: A sample image and the recognized keypoints found using the SIFT algorithm.

2.2.4 Other Methods

Many camera tracking systems used for moving objects use the motion of the target itself
to identify it (optical flow). This is common in surveillance applications for tracking people
or vehicles. It has the benefit of providing easy and fast target recognition without any
model of the subject, but is limited by being unable to distinguish the target object from
any other moving object [92, 93, 28, 94, 95, 96]. This has been used on mobile robots to
track and follow people [97, 40].

Optical flow methods have a number of drawbacks which preclude their use in UGV appli-
cations. One is that the system must be able to account for the vehicle and camera motions
before it can find the target. These methods also require a motion within the image for
detection. A vehicle driving at a matching speed directly in front of the robot will not
be found by an optical flow tracker. Furthermore, most optical flow methods depend on
brightness constancy to operate.

Another visual feature that can be used to track an object is a contour, which is a deformable
curve, or snake which represents an outline of a target. Examples can be found in [73, 98, 99]
(Figure 14) These methods are also good for tracking the silhouette of an object, which
may be useful under poor lighting conditions [100].

2.2.4.1 Combining Features

Of the methods of monocular tracking given above, none of them are cure-all solutions. Each
has strengths and weaknesses. Fiducials are the fastest, most robust and most accurate, but
require placing objects on the target. Edges, contours and 3-D models are complex and can
fail with cluttered backgrounds. Also, they are not easy to adapt to new targets. Colour
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Figure 14: Person detection using edge detection and contours (taken from [73])
.

tracking is simple and fast, robust to occlusions and scaling, but fragile under changing
lighting conditions and provides poor localization information. Template matching and
feature point methods require textured objects, and fail under fast motion or low resolution.
Image templates are also susceptible to partial occlusions. Feature point methods are robust
and good for appearance based geometric localization, but can be computationally intensive
and are not suited for plain objects.

For these reasons, many researchers have attempted to use multiple visual cues to create
better visual tracking systems. Schlegel uses colour histograms and contours [73]. Lee
combines SIFT features with 3-D lines [90]. Bellato uses colour vision and laser range
finding [101]. Guo uses colour regions, corner features, and lines to detect vehicles [102],
while Xiong uses colour and line features for the same application [103].

2.3 Pan/Tilt/Zoom Control

This section will review the approaches in the literature for controlling a camera’s pan,tilt
and zoom motions from visual data. Some of these works use monocular vision, some use
stereo, but the difficulties are the same: noisy and delayed visual data is used to control
the camera’s motion in real-time, aiming for the utmost responsiveness while ensuring the
system remains stable and on-target.

There are three critical aspects to the control of visual systems which make it more difficult
than a standard control system design. The first is that if the controller is not good enough
to keep the tracking error within a certain bound (the field of view of the camera), then
the system fails entirely. This requirement means that the dynamic performance of the
controller is important.

The second critical aspect is the delay inherent in the visual processing feedback loop. This
delay pushes closed loop controllers towards the stability limit, making the desired dynamic
performance more difficult to attain. Contrary to most control systems, improving sensing
with the addition of another or a better vision algorithm can sometimes serve to make the
control system worse, because it extends the processing time and creates more negative
effects on stability. The system delay and the trade-offs between sensing and processing
time must be carefully managed. An exhaustive analysis of delay issues can be found in
[104].
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A third critical aspect is the intertwining of control and sensing fidelity. A controller which is
overly reactive may blur images, hindering some image processing algorithms. Furthermore,
when controlling zoom cameras, the target must be kept large enough in the image to get
good image processing, without being zoomed in so far that any small motion of the target
takes it out of the field of view.

Most of the earlier works in this field focused on using vision to control manipulator robots
(typically referred to as visual servoing). Examples include [105, 106]. A series of works
by Corke [107, 108, 109] provide much guidance for the control of robots using visual data.
Malis provides a survey of this field in [110].

2.3.1 Pan and Tilt Control

There are also a number of controllers designed specifically for pan/tilt cameras. One of
the most thorough works is a series of papers by Wavering and Fiala, using the TRICLOPS
camera [58, 111, 112]. Another well analyzed set of works is by Barreto et. al. [113, 114,
115].

There are a number of other papers available on visual tracking, but none seem as rigorous
or informative as the previous three sets of works by Corke, Wavering et. al, and Barreto et.
al.. Wu et. al. [65] use a simple Proportional, Integral, Derivate (PID) tracker, while Oh
et. al. [116] and Daniilidis et. al. [117] used Linear Quadratic Gaussian (LQR) controllers.
Papanikolopoulos et. al. [105] used both a PI and a LQG controller. Naeem et. al. apply
both LQG control [118] and model predictive control [39] to track cables for an underwater
robot. Hong et. al. [53] use a two stage method. In the initial training step, the target
dynamics are learned while tracking is accomplished using a PI regulator. In the second
stage these dynamics are used with a more elegant controller. This seems fragile if the
target dynamics are not stable.

Saccadic tracking, a biologically inspired method in which the control is done in a two-step
process is used in [96, 28]. Like a human eye, the controller does a fast step motion to the
center of the target when it is in the edge of the scene (saccade), and a slow careful motion
to track when it is in the center. However, when applied to visual servoing, these methods
are somewhat unsophisticated and underanalyzed. It would seem that the same could be
accomplished using a properly tuned standard controller.

2.3.2 Zoom Control

Control of the pan/tilt angles can be modelled as a regulation problem, driving the angles
to the target in the image to zero. However, the control of zoom (focal length) for a lens
is not so simple. The complicating issue is the choice of setpoint for the proper zoom level
(Figure 15). A long focal length (close in zoom) provides a good view of the target for
the computer vision algorithm, but makes it difficult to maintain it in the field of view.
Conversely, zooming out makes it easier for the control system to reject disturbances, but
makes it more difficult for the vision system to recognize the target and estimate its distance.
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In most works, zoom control is entirely decoupled from the pan/tilt control, or not used at
all.

(a) Short Focal Length: The target
is easy to keep in field of view, but
difficult to recognize and estimate its
distance.

(b) Long Focal Length: the target is
easy to locate and recognize, but dif-
ficult to maintain in the camera field
of view.

Figure 15: The fundamental task in zoom control: adjust the focal length to attain the
highest possible resolution, while ensuring the target will not leave the field of view.

Some researchers have addressed this problem by having cameras at two different focal
lengths [43]. This means having one camera with a wider field of view (and lower resolution)
to ensure contact with the target, and a second camera with a narrower field of view for high
resolution image processing. This is referred to as foveal vision, and has a strong analogue
in human sight.

The key issue to zoom tracking is deciding on a metric to set the proper zoom level. One
simple method is to pick an appropriate size of target in the image, and then use that size
as a static reference setpoint for the focal length controller [119, 120, 121, 122].

Using a single image-size setpoint does not address the fundamental goal: to zoom as close
to the target as possible while ensuring the target will stay in the field of view. To do
this properly requires a dynamic measure of how much the target moves in the image and
a measure of the controller’s ability to compensate for its motion. The system is able to
zoom in much further on a target which is not subject to fast, random motions than for
one that is. Some examples of controllers which do this include [123, 124, 125].
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3 Image-Based Leader Recognition

This section describes the algorithms used to develop a visual tracking system for a robotic
leader/follower system using pan/tilt/zoom. This system identifies a target object in the
sequence of images from a colour video camera. It also reports the number of pixels to the
center of the target from the center of the image, and an estimated distance to the target.
For this task a visual tracking system has a number of specific requirements. Firstly, it is
desireable that it can be trainable at run-time, so that a user can pick the leader vehicle it
wishes to follow. Also it needs to be effective over a range of distances, or object scales, so
that the changing space between the leader and follower will not cause the vision system to
break down. Thirdly, it should be as tolerant as possible to noise from motion blur, dust,
etc., so that leader vehicle can still be identified while both the leader and follower are in
motion. Accuracy in terms of distance measurements is crucial, as the follower robot will
be planning its path based upon the data from the vision system. Finally, it is important
to have a fast update rate with a minimum of delay, as both can directly affect the dynamic
performance of the control system for the pan/tilt/zoom mechanisms of the camera.

With these requirements in mind, this work presents a system with two visual cues:

1. A colour tracker working in the HSV image space.

2. An object recognition tracker using the Scale Invariant Feature Transform (SIFT).

It has been shown that multiple visual cues can be an effective solution to tracking real world
objects [126]. The two visual cues chosen were selected due to their individual characteristics
and complementary nature. The colour tracker is computationally faster, and more immune
to image noise than the SIFT tracker, but does not work well for multi-colored or textured
objects, and is somewhat vulnerable to lighting changes. The SIFT tracker is more immune
to lighting changes, and can accurately determine distance, even if the object is partially
obscured, but is computationally slower, and vulnerable to image noise and motion blur.

In addition to the complementary nature of the two algorithms chosen, military vehicles have
two useful characteristics which justify this algorithm selection: (1) they are homogeneous
in colour which is beneficial for the HSV tracker, and (2) they are highly textured in
appearance, which is beneficial for the SIFT tracker. This is also true of many non-military
vehicles as well. Typical military armored vehicles are shown in Figure 16.

The remainder of this section will go into detail on the Graphical User Interface developed
for the colour tracking system, as well as technical descriptions and results for the two
algorithms employed.

3.1 User Interface and Training

The first step in the visual tracking process is training the system on the target object. For
this purpose, a special Graphical User Interface (GUI) has been developed which interfaces
to the pan/tilt/zoom mechanisms of the DI-5000 camera, and also to the image capture

DRDC Suffield TR 2009-026 19



(a) Leopard Tank (b) LAV III

(c) RG-31 Nyala (d) HLVW

Figure 16: The homogeneous colours and intricate textures typical of Canadian Forces
vehicles.

hardware on the PC to display the view from the camera. The basic layout is shown in
Figure 17.

The left side of the GUI contains all the basic controls for the camera, such as pan, tilt,
zoom, focus, etc. On the right side, there are two buttons indicated as “Train SIFT” and
“Train Colour”. When the user wishes to train the visual tracker, he/she presses one of
the training buttons, which pops up a view of the camera’s current video feed. The user
then uses the camera controls to center the image on the leader vehicle, and zoom to an
appropriate size. When satisfied, the user draws a box around the vehicle to be followed.
Once the system has grabbed the portion of the image the user selected, it prompts the
user for the distance to the object, which it will use in future estimates of the target’s
range. The training window is shown on the right side of Figure 17. Once the system has
been trained for either/both the colour tracker and the SIFT tracker, the user clicks the
“Autonomous Control” button to enable the system to begin panning, tilting and zooming
to keep the target centered in its view.

Once trained, each of the colour and SIFT trackers are capable of reporting a number of
data items for each image, shown visually in Figure 18:

Phi (φ) The horizontal angle in radians to the center of the target, from the center axis
of the camera.

Psi (ψ) The vertical angle in radians to the center of the target, from the center axis of
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Figure 17: The GUI used to train the visual tracker.

the camera.

Range (r) The estimated distance in meters to the target.

Details of how each algorithm recognizes the target and determines its properties during
and after training will be given in the next two sections.

3.2 Colour Tracking

The colour tracker used is similar to the one presented in [127], but was developed inde-
pendantly by the author based upon standard computer vision practices using the OpenCV
software library.

The first step to initiate tracking is training the system by using the “Train Colour” button
in the GUI shown in Figure 17. It prompts the user to draw a box around a portion of the
displayed camera video containing only the colour the user wishes to track. During this
stage, the user can pan, tilt and zoom the camera as necessary to provide the best view
of the target for training. Once selected, the tracking software takes the pixels within the
user-drawn box, and creates histograms for hue, saturation and value (Figure 19). The
highest peaks in the histograms are then used to determine appropriate colour to be used
by the tracking system. Parameters used to determine how selective the software is in
determining matching colours can be adjusted by the user at run-time to emphasize one
target characteristic (H,S or V) over another. Also at training time, the target width and
height are determined from the image using the distance as measured by the user.
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Figure 18: The coordinate system used by the visual trackers.

(a) Training Image (b) Hue (c) Saturation (d) Value

Figure 19: HSV histograms for training the colour system.
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After the training stage, the colour vision algorithm will be used to find the target in each
subsequent 640x480 image received by the camera. The algorithm is summarized in Figure
20. A sequence of illustrating images is shown in Figure 21, and will be referred to during
this section. The implementation of this algorithm was done in C++ using the OpenCV
image library [8]. The goal is to match pixels in each image to the leader’s colour in the HSV
colour space (shown in Figure 22). The largest matching area in the image is considered
our target, and its bounding box is used to estimate the position and range to the object
being tracked.

Algorithm for colour tracking:
1. Capture an NTSC video image using the on-board framegrabber (Figure 21(b)).

2. Smooth the image using a bi-lateral filter to remove noise and sharpen edges
(Figure 21(c)).

3. Convert the image to the HSV colour space to improve immunity to lighting
changes (Figure 21(d)).

4. Create a binary target image by picking through all the pixels in the image,
selecting those which are within the bounds for each of the hue, saturation and
value threshholds (Figure 21(e)).

5. Erode and dilate the image to remove noise and reconnect segmented areas (Figure
21(f) and Figure 21(g)).

6. Flood fill the remaining areas to identify the size of target areas (Figure 21(h)).

7. Of the areas connected by the flood fill, select the region with the largest number
of pixels, retrieving its characteristics to report (Figure 21(i)).

Figure 20: Algorithm for simple colour tracking

There is one obvious flaw to this tracking algorithm: If a larger secondary object of the
same colour comes into the field of view the colour tracker will select the larger target
incorrectly. However, the assumption is that the zoom tracking algorithm will keep the
field of view small enough to prevent this. Furthermore, it is assumed that the SIFT object
recognition algorithm (described in Section 3.3), will correctly identify the original target
under these circumstances. This, in concert with a properly tuned filter, should keep the
camera trained on the correct object.

The method of determining target distance is based upon the pinhole camera model [128].
It uses the current focal length of the camera to convert image dimensions to real world
dimensions, as shown in Figure 23. The pinhole model states that the ratio of a target size
(h) to its image size (h′), is the ratio of its distance away (d) to the focal length of the
camera (f):

h

h′
=
d

f
(1)
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(a) Training Image (b) Captured Image (c) Bilateral Filter

(d) Colour space Conversion (e) Threshholding (f) Erode

(g) Dilate (h) Flood Fill (i) Final Target

Figure 21: The simple colour tracking algorithm.

Figure 22: The HSV colour space used for tracking.
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h = height of object
h’ = height in image
f = focal length
d = distance to target

f

h’ h

d

Figure 23: The pinhole model used to determine the distance to a target for the colour
tracker.

Put another way, if a target is twice as far away, it will appear half as large in the image
for a given focal length. For distance estimation, if its true height and the focal length of
our camera are known, the size of its image is measured to get the distance. The equation
holds equally true for the width of an object, so the distance can be found two different
ways: by a distance due to height (dh) and a distance due to width (dw):

dh =
h · f

h′
(2)

dw =
w · f

w′
(3)

Note that dh = dw = d if all measurements are accurate.

Tracking the target using the pan/tilt motions of the camera also requires the horizontal
and vertical angles to the center point target, φ and ψ, in radians. Referring to Figure
24, it can be shown that they are found by counting the number of horizontal and vertical
pixels to the center of the target (i,j), multiplying by a magnification factor (Mi,Mj), and
using the following equations:

φ = tan−1

(

i ·Mi

f

)

(4)

ψ = tan−1

(

j ·Mj

f

)

(5)

There is a major flaw in this method of distance estimation. If a 2-D target object is
not parallel to the image plane in either pitch or yaw, the corresponding height or width
becomes smaller due to foreshortening, and the values of dh and dw respectively will increase.
Therefore, the final estimated distance to the target is chosen from the lesser of the two
target distances, so that the algorithm will still report an accurate distance if only pitch or
yaw occurs. If both occur simultaneously, the distance to the target will be overestimated.

When tracking a 3-D object it can actually appear larger when it yaws (i.e. when a truck
turns a corner, you can see the side as well as the back). For this reason, when tracking a
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Figure 24: Determining the angles to the target.

leader vehicle, only the height of the target is used to maintain consistency around corners.
This assumes small leader vehicle pitch relative to the follower vehicle.

In the above description of the colour tracking system two key points were left out: 1) the
selection of appropriate threshholds for the H, S and V values, and 2) the determination of
the height and width of the targets. Both of these are determined during the leader training
stage using the GUI shown in Figure 17.

If the colour tracker follows only a set of specific targets, it is possible to pre-define colour
threshholds and target size. However, it is beneficial to train when running the program
to be able to pick a target at run-time. Also, the colour characteristics of the target under
the current lighting conditions will be used, which makes for more reliable tracking.

3.3 SIFT Tracking

The Scale Invariant Feature Tracking (SIFT) algorithm for object recognition is a different
type of tracker from the colour tracker just described. It relies on finding a large number
of small, distinct feature points on an object, based on intensity rather than colour. The
position relationships of these small features are used not only recognize an object, but also
to determine its distance and orientation. The software used in this project relied upon
the object recognition libraries included with the Evolution Robotics ERSP toolkit[9]. The
library extracts feature points from a training image and compares these feature points
to those extracted from successive camera images. For a planar leader object, only one
training image is necessary. For 3-D objects, training images from different views makes
the algorithm more reliable in tracking the leader. The algorithm detects unique features
in an image of an object by analyzing the texture of a small window of pixels. Up to 1,000
feature points are extracted from an image, each consisting of the feature’s location and a
texture description. A small portion of these features, filtered for uniqueness make up a
model database for that object.

This method has a number of desirable characteristics for real world applications. It is un-
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Figure 25: A training image and the recognized image in a cluttered scene, with the red
box indicating the position of the recognized object. Feature points are shown as yellow
circles.

affected by moderate changes in scale, rotation and translation. It also has some immunity
to changes in lighting, and can be used on low cost, low resolution cameras. Finally, the
algorithm will typically recognize objects with 50% to 90% occlusion [13]. It specializes
in planar, textured objects, but also works well with 3-D objects having slightly curved
components. A model image and the subsequent recognized image are shown in Figure 25.

This tracking method is trained by the same GUI as the colour tracker, shown in Figure
17. The user presses the “Train SIFT” button, at which time he can pan/tilt/zoom as
necessary to draw a box around the target object. The software then crops the target
out of the image, and passes that portion to the SIFT libraries as the training image. In
subsequent images, the libraries provide a distance to the object, a bounding box which
surrounds it in the image, and a target center. The other properties required by the rest of
the system (φ, ψ) are calculated using the pinhole model in the same way as for the colour
algorithm.
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4 Camera Pan/Tilt/Zoom Control

The work in this section aims to design an appropriate controller for the combined vision
and camera system to maintain the camera centered on the target at an appropriate zoom
level. This is known as fixation in biological terms. The first section will examine control
for the pan and tilt degrees of freedom. The second section will examine the development
of an appropriate control structure for obtaining optimum focal length of the zoom lens.
Reader’s are referred to [6] for a more complete description of the control design.

4.1 Pan/Tilt Control

The DI-5000 camera is controlled by serial RS-232 velocity commands from the computer.
The controller PC obtains images from the NTSC stream using a framegrabber, and ana-
lyzes them to obtain the relative location of the target from the center of the camera’s field
of view. For this particular system, the dominant feature for design consideration is the
delay introduced by the PC framegrabber and image processing. There is also a delay as-
sociated with the serial command input to the camera, even though the motors themselves
are fairly responsive. The goal will be to analyze the effects of this delay and to design a
control structure capable of dealing with it.

A picture of the control loop for the pan degree of freedom is shown in Figure 26. It consists
of the following components: a pan/tilt camera system (R(z)), a controller (D(z)), and a
visual feedback system (V(z)). The motion of the target object is modelled as a disturbance
(W(z)). The goal of the control design will be to reject the disturbance such that the relative
position between the center of the image and the center of the target (Y(z)) remains at zero.

R(z) V(z)

Controller Robot
(Pan/Tilt Camera)

Vision System

Y(z)+

−
D(z)

(Target Position)
W(z)

φIMG ω φCAM

Figure 26: Control loop for camera system. W(z) is the unknown target position, and Y(z)
is the target’s position in the image, which is regulated to zero (the center of the image).
ω is the pan or tilt velocity sent to the camera.

Because the target system is completely unknown and the goal is to regulate the angles to
zero, there is no need to estimate the target position in real world coordinates for control
purposes. Rather, the control system is based on image-based servoing using image coor-
dinates. This is a regulation problem in control system terminology, in which the goal is
to drive the angles to the target in the image to zero (φ,ψ). Target motion is considered a
perturbation, and performance is evaluated by rejection of that perturbation [109]. For this
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control problem, the pan and tilt degrees of freedom are completely decoupled, treating the
regulation problems for φ and ψ as independent control loops [113].

The general control design approach is as follows, and is detailed in the sections below:

1. Find a reasonable dynamic model of the pan/tilt system using Least-Squares Param-
eter Estimation.

2. Design an LQG controller using MATLAB tools and simulations.

3. Implement the controllers on the camera and test for performance.

In order to design an appropriate controller for the camera system, an accurate system
model is required. In this case, because the internal components and control software
within the camera were proprietary and unknown, recursive least-squares (RLS) parameter
estimation was used to determine a linear dynamic model. This algorithm can be found
in many sources, including [129, 130]. The algorithm for RLS parameter estimation was
implemented in Matlab and applied to the DI-5000 camera to estimate a transfer function
for the pan and tilt mechanisms.

Once a suitable dynamic model of the pan/tilt camera was obtained, control design and
simulations using MATLAB were used to analyze the effect of delay and create an effective
controller. Linear Quadratic control is an “optimal” method based on a state-space model of
the plant to be controlled [131, 132]. It provides an optimized control signal derived from the
internal states of the camera and a user-defined quadratic cost function for performance. It
attempts to drive all the internal states of the plant to zero (Linear Quadratic Regulation).
If an estimate of these internal states is provided by a Kalman Filter, then the algorithm
takes the name Linear Quadratic Gaussian (LQG) control. LQG provides the designer
with a method to control the importance of control gains and system response, while being
somewhat immune to sensor and plant model noise. However, performance is somewhat
dependant on the accuracy of the plant model.

The LQG controller works with a fixed feedback gain K, and a Kalman Filter gain L. The
internal states of the system are estimated as:

x̂[n] = Ax̂[n− 1] +Bu[n− 1] + L(yv[n] − Cx̂[n− 1]) (6)

where x̂[n] is the estimated state vector at time n, u[n] is the control signal, and yv[n] is
the noisy sensor measurement (i.e. the φ and ψ measurements obtained from the computer
vision algorithms). A, B, and C constitute the dynamic state-space model, as obtained
from the least squares parameter estimation. From there, a control signal is generated by:

u[n] = −Kx̂[n] (7)

This control structure is used separately for each of the pan and tilt degrees of freedom of
the camera (i.e. there is a separate state vector x, Kalman Filter, and controller for each
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of φ and ψ). For the pan degree of freedom, the estimated state x̂[n] would contain the
horizontal position and velocity of the target (φ,φ̇) while the control signal u[n] would be
the pan velocity sent to the camera. For the tilt of the camera, the estimated state x̂[n]
would contain the vertical position and velocity of the target (ψ,ψ̇) while the control signal
u[n] would be the tilt velocity sent to the camera.

One benefit of LQG control is that it is possible to explicitly include delay states in the
discrete state-space model to approximate delays in the real camera system. The estimator
and LQR controller are then designed for the expanded state system. The phase lag can be
almost entirely eliminated using this approach (as compared with standard Proportional-
Integral control). Details can be found in [6].

A simulation of the LQG control algorithm with moderate sensor measurement noise is
shown in Figure 27. The performance depends on the specific tuning of the control and
filter gains. In general, it was found that the LQG design was relatively easy to tune for
good performance without becoming unstable.

In a scenario with sensor noise, the designer needs to balance the control and filter gains
between eliminating phase lag, preventing overshoot and eliminating noise. If the filter is
made slower such that its noise rejection is good, the step and sine responses will be slow.
If the control system is tuned to be “fast” so that it eliminates the phase lag, it will be
susceptible to noise.
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Figure 27: Simulated response of the camera LQG controller (with sensor noise).
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4.2 Zoom Control

Zoom control is used in this system to choose the appropriate focal length to maintain a
constant target image size regardless of its distance from the camera. This is important
not only for reliable object recognition, but also for accurate distance measurements. Un-
fortunately, one particular difficulty with visual control loops is that if the target moves
out of the field of view the system can’t sense it at all and complete failure ensues. Any
zoom control algorithm must keep the field of view as small as possible on the target while
ensuring that the field of view is large enough that the target is not lost under noisy condi-
tions. Previous approaches to zoom control were outlined in Section 2.3.2. Most algorithms
choose an ideal target size in the image, and use the error from this ideal to servo the zoom
mechanism [120, 121]. Some other methods use the noise measure from a Kalman Filter to
decide the camera zoom level. However, this leaves little room for error when the tracking
becomes noisy, and will not adapt to changing tracking conditions. Other algorithms zoom
out when the target nears the edge of the field of view and the risk of losing tracking is
increased [119].

To ensure that the target never nears the edges of the field of view, a three part zoom
controller is presented 3:

ρ - Proportional control to maintain ideal target image size if no tracking error is present.

τ - A quick reacting component which zooms the camera out instantly in response to a
quick motion of the target towards the edge of the image. This gain is based solely
on the current horizontal and vertical tracking errors.

σ - A smoothing component which zooms the camera out in response to longer periods
of target displacement from the image center. This computes a moving average of
the horizontal and vertical tracking errors over a specified number of previous images
(moving average window).

A mathematical description of the zoom controller is given, using the image coordinates
and variables4.

fk = fk−1 + ρ(ξ −
√

h′pixels · w
′

pixels) + τ(|φk| + |ψk|) + σ · ak (8)

where ak =
1

n

k
∑

i=k−n+1

(|φi| + |ψi|) (9)

3This algorithm is entirely of the author’s design, and is not based on any previous work in the literature.
4The image variables and coordinates are described more fully in Section 3.
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where the variables are:

fk = camera focal length command at time step k

ρ = gain for proportional target size control

ξ = ideal target image size in pixels (usually chosen from size of training image)

h′pixels = height of target in image (pixels)

w′

pixels = width of target in image (pixels)

σ = gain for the average tracking error over a window of time

ak = a moving average of the tracking errors

τ = gain for current tracking error

φ = horizontal tracking error (radians)

ψ = vertical tracking error (radians)

n = number of previous images to average the tracking error (moving average window)

Although this mathematical description seems complex, the concept of the algorithm is
quite simple: zoom the camera to the ideal target size under ideal conditions, and zoom
out under less than ideal conditions. Equation 8 is now broken down into its three parts
for better explanation. The first component zooms the camera to the ideal target size:

fk = fk−1 + ρ(ξ −
√

h′pixels · w
′

pixels)

This is accomplished by changing the focal length (fk) in reaction to the difference between

an ideal target size (ξ) and the current measured target size (
√

h′pixels · w
′

pixels). The square

root is used to ensure that this control term doesn’t grow to the squared power as the target
size increases, but rather linearly. The user can tune the proportional gain ρ for desired
response (normally a positive value).

The second term of the algorithm zooms the camera out in response to the tracking error,
which is the target distance from the center of the image:

fk = fk−1 + τ(|φk| + |ψk|)

By setting the τ tuning parameter negative, the focal length will be decrease (zoom out)
based on the current Manhattan distance from the center of the image to the target (|φk|+
|ψk|).

The third component uses a moving average to keep the camera zoomed out during sustained
periods of tracking error. This could also be viewed as a smoothing component:

fk = fk−1 + σ · ak

where ak =
1

n

k
∑

i=k−n+1

(|φi| + |ψi|)
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This term uses the sum of the tracking errors (|φi| + |ψi|) over a pre-defined window of
previous images (n). The gain σ, which is again normally negative, causes the focal length
to decrease (zoom out) over periods of poor camera tracking.

Using these three terms and properly tuning ρ, σ and τ , will balance the algorithm’s desire
to zoom in to the ideal image size with the desire to zoom out due to tracking error.
The downside to this approach is that these parameters must be tuned manually for good
zoom performance in the face of erroneous sensor measurments. This proved relatively
straightforward and intuitive for this camera system. Overall, despite being simple to
implement and tune, and requiring no model, the controller proved remarkably effective. It
was not overly sensitive to tuning parameters, and was stable over a wide range of tuning
parameters.
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5 Follower Vehicle Control

The goal of the vehicle controller is to use the leader’s range and bearing from the vision
system to force the vehicle to follow the leader’s path. The controller was designed to
follow not the leader’s current position, but rather the path the leader has taken delayed
by an arbitrary following time (typically 10 seconds or so). This means that the leader and
follower would travel closer together when the leader was driving slowly (such as around
corners), and further apart when travelling at higher speeds.

In order to accomplish this while taking advantage of the existing MATS architecture, a two
level controller was designed. The outer loop, developed by researchers at the University
of Toronto, smoothes the leader range and bearing values from the pan/tilt/zoom tracking
system, and generates the speed and steering angle required to follow the leader’s delayed
path. The inner loop, which was originally developed for tele-operated control of the MATS
vehicles, adjusts the steering wheel and gas pedal of the vehicle to generate the speeds and
steering angles requested. This two-level architecture shown graphically in Figure 28. The
key to using the two-stage control architecture is that the inner loop must operate much
faster than the outer loop.
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Figure 28: Two-level vehicle control architecture.
.

5.1 Path Following (Outer Loop) Control

The goal is to track the planar trajectory of the leader vehicle delayed by a constant time, τ .
Specifically, if (x, y) is the position of the follower and (x0, y0) is the position of the leader,
it attempts to make (x(t), y(t)) track (x0(t−τ), y0(t−τ)). For simplicity, the delayed leader
position is defined as (xd(t), yd(t)).

The position of the leader vehicle, (x0, y0), is determined using the camera vision data
relative to the current follower position, as described in Section 3. The current follower
position (x, y) and heading (θ) are determined by using either the vehicle’s on-board GPS,
or by using vehicle dead-reckoning. For most UGV applications, dead-reckoning is not
accurate enough to be practical over an extended period of time. However, in this instance,
absolute positional accuracy is not necessary. The dead reckoning only needs to be accurate
enough to navigate the vehicle over the distance between the leader and follower vehicles.
Therefore, both GPS and dead-reckoning were successfully tested in this work.
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The controller itself uses a bicycle model for a kinematic model of the vehicle, which is
commonly used in vehicle following applications. It is given by:

ẋ = vc cos θ

ẏ = vc sin θ

θ̇ =
vc

d
tan γc,

where (x, y) is the rear axle position, θ is the heading, d is the distance between the front
and rear axles, vc is the commanded speed, and γc is the commanded steering. One set of
control laws that has worked well in practice is

vc = vd + kp,e1
e1, kp,e1

> 0

γc = kp,e2
e2 + kp,eθ

eθ, kp,e2
, kp,eθ

> 0,

where vd is the speed of the delayed leader, e1 is the longitudinal error, e2 is the lateral
error, and eθ is the heading error. These are defined as follows:

e1 = (xd − x) cos θ + (yd − y) sin θ

e2 = −(xd − x) sin θ + (yd − y) cos θ

eθ = θd − θ.

These quantities are identified in Figure 29.

Delayed
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Follower

Leader

(xd, yd)
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e2
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vd (x0, y0)

Figure 29: Trajectory tracking of delayed leader

After some initial field trials, it was observed that the follower was turning late, which caused
a large initial lateral error. As such, a lookahead option was added. With a lookahead
time defined, the controller picks a point ahead of the delayed leader’s point to compute
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the lateral and heading errors that are used for feedback. The longitudinal error is not
changed. This is similar to Gehrig and Stein’s Control Using Trajectory (CUT) algorithm
[133], except the lookahead point is based on a constant time not distance. The lookahead
point is defined as

(xl(t), yl(t)) := (x0(t− τ + l), y0(t− τ + l)), l < τ,

where l is the constant lookahead time. Hence, the lateral and heading errors are now
computed by

e2 = −(xl − x) sin θ + (yl − y) cos θ

eθ = θl − θ.

As input to the control law, the measurements of x0 and y0 came from the camera system
as described earlier.

From our control laws, it is obvious that we need measurements or estimates of xd, yd, θd, xl, yl, θl, vd.
The details of how to obtain these quantities (from the follower’s onboard sensor measure-
ments) will be discussed in a future paper.

5.2 Ancaeus (Inner Loop) Control

The inner loop controller operates within the Ancaeus system on-board the MATS robotic
vehicle. It was initially designed to allow a user at a remote control station to tele-operate
the MATS vehicle, using a joystick or keyboard commands to control the speed and steering
of the vehicle. The Ancaeus system is also capable of many other functions, such as operat-
ing the vehicle camera, horn, brakes, etc. and collecting data from all the on-board sensors
for location, heading, fuel level, temperature, etc. The Ancaeus system consists of a vehicle
communications protocol and a number of electronic hardware modules retrofitted onto
vehicles. These modules include a Vehicle Control Processor Module (VCPM), Navigation
Module, Audio/Visual Module and a Communications Module.

Under normal function, the human user interfaces to the remote ground station, which
translates keyboard and joystick commands into the appropriate Ancaeus commands. These
are sent over a wireless radio link to the vehicle, which puts them into action. In this case, for
autonomous operation, the computer on-board the MATS vehicle sends Ancaeus commands
to the vehicle via an RS-232 interface.5

The two most important commands sent by the path tracking algorithm are the set speed,
and set steering commands (i.e. vc and γc). The Ancaeus Vehicle Control Processor Module
(VCPM) accepts these commands and manipulates actuators on the steering wheel and gas
pedal of the vehicle to force the appropriate action. Proportional-Integral-Derivative (PID)
loops take the input speed in km/h, or steering radius in centimeters, and convert them to

5Note that this is the same computer which was running the camera pan/tilt/zoom tracker and the path
following algorithm.
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voltages which drive the actuators themselves. At the same time, the Navigation Module
on the MATS vehicle reports the current vehicle position and heading as obtained using
either the on-board GPS, or using dead reckoning from vehicle odometry. This is used as
feedback for the outer loop path following algorithm.
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6 Results

This section will document test results using the overall integrated system in a leader/follower
scenario. For more detailed results of the individual camera vision and control components,
the reader is referred to [6].

6.1 Camera System Results

The camera recognition system described earlier is capable of locating an object to sub-
degree angular accuracy and to within a few centimeters for range. However, it is important
to verify that the vision algorithm developed is suited to the autonomous convoying task.

An outdoor test using real vehicles is presented where the MATS robotic vehicle was driven
behind a commercial half-ton truck while recording video from the on-board camera (with-
out pan/tilt tracking or zoom). Speeds were varied betwen 0 and 24 km/h, and following
distance between 8 and 38 meters. The positions of both vehicles were recorded by a dif-
ferential GPS system accurate to 2cm. Both the SIFT and colour trackers were trained at
a distance of 15.5 meters.

Some representative images from the video are shown in Figure 30, at distances of 10 meters,
15.5 meters, 25 meters, and 37 meters. The left picture at each distance is the video image.
The second image is the binary image of colour segmentation. The third image contains the
target found by the colour tracker in the blue bounding box. The fourth image is the result
of SIFT tracking. SIFT features are shown as yellow circles, and those features identified
on the target are shown as blue features. The target location is given by the red bounding
box. The colour tracker worked over the complete range of distances between 10 meters and
37 meters, but the SIFT tracker only worked up to a distance of 25 meters, as it requires a
minimum amount of resolution in the target to find features.

The distance between the leader and follower vehicle estimated by the colour tracker is
shown in Figure 316. The colour tracker was successful for the full range of distances, but it
tended to overestimate the distance when the truck was further away. One promising result
is that the colour tracker never failed to find the truck when it was in the image. Figure 32
shows one image of the truck taken during a turning operation, when it was barely visible.
This is useful, as only part of the truck needs to be in the field of view for the system to
generate a command for the pan/tilt camera.

The results from the SIFT tracker are shown in Figure 33. The SIFT algorithm did not
find the truck in 523 out of 2501 images which contained at least part of it. This was due
to either a lack of resolution of the target, or becauase of obscuring dust, etc. In Figure
33 it can be seen that SIFT fails completely at long distances, such as at image numbers
1000 and 2100. A typical image from these distances can be seen in Figure 30(d), where
the SIFT algorithm could not find enough features on the truck to make a recognition.

6It is important to note that these results did not use the camera zoom mechanism.
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Video Image Colour Segmentation Colour Target SIFT Target

(a) 10 meters

(b) 15.5 meters

(c) 25 meters

(d) 37 meters

Figure 30: The colour and SIFT trackers in operation.

DRDC Suffield TR 2009-026 39



Figure 31: Estimated and ground-truth distance for the leader/follower test using the colour
tracker.

Figure 32: The colour tracker working under extreme circumstances.
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However, when the truck image is constrained to a reasonable size, the SIFT tracker finds
the truck reliably, and the distance estimation is less noisy than for the colour tracker.

Figure 33: The results of SIFT tracking in the truck video.

From these results, it can be concluded that zoom is an important component for robust and
accurate tracking. Both the SIFT and colour trackers were more consistent and accurate
when the size of the target object was constrained. However, both have enough scale
invariance that they won’t be fragile.

Table 1 shows the relative strengths and weaknesses of the two image processing methods
developed, as determined anecdotally during the course of testing.

Results of the pan/tilt/zoom response of the camera to moving objects can be found in [6].
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Table 1: The colour and SIFT based trackers compared

Colour Tracker SIFT Tracker

Computationally fast Computationally slow

Easy to understand Complex

Insensitive to image noise and
motion blur

Susceptible to noise and motion blur

Degrades gracefully Fails suddenly

Can remain focused on object
despite changes to viewing angle

and scale

Sensitive to viewing angle and somewhat
to scale

Vulnerable to lighting changes Robust to lighting changes

Inaccurate for distance if partially
obscured or change in lighting

Accurate for distance if partially
obscured or change in lighting

Inaccurate for distance if target yaws and
tilts simultaneously

Accurate for distance if target yaws
and tilts simultaneously

Can by confused by similarly coloured
objects

Robust to similarly coloured objects

Poor for non-homogeneous or segmented
targets

Excellent for non-homogeneous or
segmented targets
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6.2 Vehicle Following Results

This section presents results of leader/follower experiments that were undertaken on the
DRDC Suffield Experimental Proving Ground in November of 2008. MATS vehicles were
used in both the leader and follower roles, as shown in Figure 34. The leader vehicle
was human-driven, while the follower vehicle operated autonomously. The differentially-
corrected GPS systems on the MATS vehicle provided ground-truth data for the experi-
ments.

(a) Straightaway (b) Turning

Figure 34: Following a vehicle leader.

All of the follower’s subsystems were active during this test: the vision system continuously
estimated the leader’s position in the camera field of view, the pan/tilt controller kept the
camera centered on the target, while the zoom algorithm maintained an appropriate focal
length. The path following algorithm smoothed the vision data and generated steering and
speed commands for the vehicle to maintain a fixed following time.

The leader and follower vehicles were driven around 1.3 km loop on a section of gravel road
on the DRDC - Suffield Experimental Proving Ground. A visual plot of the leader’s path
is shown in Figure 35. The GPS ground-truth path taken by the leader vehicle is shown in
blue, while the follower’s path is indicated in red7. An enlarged view of a portion of the
track is shown in Figure 36.

Figure 37 shows the ground truth distance between the two vehicles as well as the distance
estimated by the camera system8. To analyze the accuracy of the path tracking system,
two measurements of error are presented:

7This image was generated using Google Earth, which can create image offsets for some geographic
locations. The actual path taken by the leader vehicle was actually more or less in the middle of the roads
shown in the image, even though it doesn’t appear that way.

8Data for bearing error (angular accuracy) is not included due to the inaccuracy of measuring vehicle
heading during turns using GPS. However, given that the leader path estimated during the straight road
sections is in the middle of the GPS track, it can be qualitatively stated that the bearing error is small
relative to the range error.
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Figure 35: Leader and paths during the leader/follower test.
.
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Figure 36: Leader and paths during the leader/follower test (enlarged).
.

• Longitudinal Error - The distance along the path between the follower’s current lo-
cation and the desired location (i.e. the leader’s delayed postion).

• Lateral Error - The distance perpendicular to the path between the follower’s position
and the delayed leader’s position.

The results for these measurements are shown in Figure 38. For these experiments, the
lack of an intertial heading sensor on the MATS vehicle meant that the following algorithm
required GPS to determine heading. In examining Figure 38, spikes can be seen in the
lateral and longitudial path tracking error, corresponding to the hairpin turn on each lap of
the experiment. In addition to being a tight turn with lots of deceleration and acceleration,
another effect is present. As the follower vehicle turns, the latency in the heading measure-
ment from GPS caused large errors in the follower’s estimate of the leader’s position as the
leader accelerated down the straightaway.

Tests were successfully conducted using wheel odometry only, but poor calibration resulted
in an offset from the leader’s path. Integration of an intertial heading sensor to free the
vehicle from reliance on GPS is underway, and results are expected to outperform the
GPS-based results.

Tracking moving objects outdoors from a moving platform is not an easy task. The changing
lighting conditions, especially on a bright sunny day made the target data from the vision
system less accurate, especially for the colour HSV tracker. However, while traversing
this rough road with many turns the camera system did not lose tracking on the leader
vehicle. Filtering the vision data was important, but the zoom algorithm which zooms
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Figure 37: Estimated and actual distance between the leader and follower vehicles for one
loop during the leader/follower test.
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Figure 38: Lateral and longitudinal path errors.
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out in response to poor tracking performance was essential in maintaining tracking during
certain rough portions of the route. Unfortunately, this zooming out action means that the
accuracy of the distance estimation decreases dramatically.

For this reason, the roughness of the road had two negative effects on the experiment: 1)
limiting the top speed the follower could travel and still track the target, and 2) increasing
the error in the position estimates (especially for range). The washboard sections of the
road would induce camera vibrations, creating motion blur in the images. Also, bumps in
the road would cause the vehicle to roll and pitch, making tracking difficult and forcing the
camera to zoom out.

The most difficult portion of the route was the near-hairpin turn, at the west end of the
route. A close-up of the leader and follower tracks for this portion are shown in Figure 39.
At this point, the camera’s view of the lead vehicle is extremely distorted from the straight
behind view used for training, and the lighting on the vehicle changed dramatically. This
can also be seen in the peaks for longitudinal and lateral tracking error in Figure 38, at
time 490, 1050, etc.
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Figure 39: Leader and follower paths during the leader/follower test (sharp turn).
.

A statistical summary of the data from the leader/follower test is shown in Table 2.
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Table 2: Statistical data for the complete leader/follower test.

Path Data

Loop Distance 1.3 km

Approx. Num. Loops 5.6

Total Distance 7.3 km

Mean Leader/Follower Separation 17.68 m

Max. Leader/Follower Separation 23.71 m

Min. Leader/Follower Separation 10.46 m

Mean Follower Speed 7.6 km/h

Max. Follower Speed 10.2 km/h

Visual Data

Mean Distance Measurement Error 0.72 m

Std. Dev. of Distance Measurement Error 0.62 m

Max. Distance Measurement Error 2.42 m

Follower Data

Mean Lateral Path Following Error 0.36 m

Std. Dev. of Lateral Path Following Error 0.48 m

Max. Lateral Path Following Error 2.56 m

Mean Longitudinal Path Following Error 2.02 m

Std. Dev. of Longitudinal Path Following Error 1.09 m

Max. Longitudinal Path Following Error 12.00 m
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6.3 Person Following Results

Preliminary tests were also undertaken to assess the practicality of using this system as a
“mule robot” to carry supplies for a dismounted soldier. The colour tracking system was
trained on the human leader, and the vehicle followed his path, as shown in Figure 40(a).
A view from the follower’s camera is shown in Figure 40(b).

(a) Leader and Follower

(b) Camera View from Follower

Figure 40: Following a human leader.

The leader’s path and the follower’s path are shown in Figure 41, although no statistical
analysis is presented (leader is in blue, follower is in red). One major difficulty is that a
human is capable of many maneuvers that a vehicle is not, such as sharp u-turns, sideways
motion, gap crossing, etc. Such a system would require the leader human to remain aware
of the “mule’s” limitations when moving. Safety is also be a major concern. A radar or
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laser obstacle detector and a remote kill switch could be installed to prevent the vehicle
from harming its human leader or itself.

Figure 41: Leader and follower paths using a human leader.
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7 Conclusions

This project successfully demonstrated a complete vision-based leader/follower system for
an Unmanned Ground Vehicle. This is an inherently difficult problem due to the noise and
processing delays incurred while using computer vision from a moving platform. In creating
this system, the following original scientific contributions were produced:

1. A visual tracking system for which the user can choose the target at run-time.

2. A method of controlling the focal length of a camera for successfull pan/tilt/zoom
tracking.

3. A demonstration of accurately estimating a leader’s path from a moving follower
vehicle using a commercial off-the-shelf camera.

The goals were accomplished through the successful integration of a number of component
pieces. The computer vision system uses colour and SIFT based target tracking. It not
only identifies and locates a target in an image stream but also estimates its 3-D position.
A control system based on Linear Quadratic Gaussian control manages the delays prevalent
in the visual processing loop to provide responsive tracking of the pan/tilt camera, while
a separate zoom algorithm ensures that the leader never leaves the follower’s field of view.
Finally, a path following system enables the robotic vehicle to drive the leader’s path with
a pre-defined time delay.

There were a number of lessons learned in the accomplishment of this project. Firstly, using
multiple visual cues allows the strengths of one to offset the weaknesses in the other. For
example, colour tracking is not ideal for outdoor tracking due to problems with lighting
changes and similarly coloured objects. However, having a vision algorithm with a fast
update rate is essential, and it therefore provides a nice complement to the SIFT algorithm,
even though it is not entirely effective on its own. Secondly, for visual tracking from a
moving platform it is necessary to have a zoom algorithm which can regulate the size of the
target image, enabling arbitrary distances between the leader and follower vehicles. Such
an algorithm must have a method to zoom out in response to poor tracking so that target
motions faster than the ability of the camera to track won’t cause catastrophic failure.

8 Future Work

The leader/follower system demonstrated in this project is not yet field-ready, and a number
of improvements need to be made before it can be used by the Canadian Forces.

Firstly, the immunity of the vision system to changing lighting conditions must be improved.
One approach would be the introduction of other sensing modalities (i.e. visual cues), such
as using colour histograms over the object, rather than one colour alone. This would provide
better tracking of multi-coloured objects. A shape or silhouette tracker using contours could
improve invariance to outdoor lighting conditions. A learning algorithm could be produced
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where successful SIFT recognitions could be used to train colour system to adapt to changing
conditions. The implementation of a foveal vision system is also planned, such that if the
zoom camera loses tracking a wider angle camera could re-fixate the zoom camera on the
target. For night-time operations, the investigation of recognizing targets in IR images
(Figure 42) should be investigated.

Figure 42: An infrared image of an armoured vehicle travelling on a road.

Secondly, the speeds the vehicles were driving are not operationally relevant, and will need
to be increased to be practically useful. The limiting factors were the inaccuracy of the
follower’s heading measurement using GPS or odometry, and the inaccuracy of the vision
data over long distances. Both of these factors meant that when the leader was than 25m
away, its path as estimated by the follower became noisy and erratic. Three solutions will
be implemented to improve this:

1. A heading gyro will be added on the follower to provide a heading reading which is
more responsive than the GPS or odometry heading estimate.

2. Increased data filtering of the vision data when travelling at higher speeds to smooth
the estimated leader’s path on straightaways, while still maintaining accuracy around
corners at slower speeds.

3. A maximum allowed following distance will be implemented such that the follower
will follow at a set time behind the leader at slow speeds, and at a set distance behind
the leader at higher speeds.

Thirdly, the safety systems on the follower vehicle must improved. Tele-operated control
or remote kill will be necessary to ensure the robotic vehicle does not cause damage in
the case of system failure. Obstacle sensors should be added to ensure that any humans
or vehicles moving between the leader and follower are not struck, and vision-based road
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following algorithms could allow the vehicle to stay more safely in the center of the road
under conditions of noisy data.

Finally, the system needs to be tested on actual logistics vehicles (trucks) in realistic sce-
narios to evalutate the practicality of vision-based convoying in the long term.
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